A novel photonic crystal lattice is proposed for trapping a two-dimensional array of particles. The lattice is created by introducing a rectangular slot in each unit cell of the Suzuki-Phase lattice to enhance the light confinement of guided resonance modes. Large quality factors on the order of 10 5 are predicted in the lattice. A significant decrease of the optical power required for optical trapping can be achieved compared to our previous design. 
Introduction
Optical trapping of objects with micro-and nano-scale dimensions has opened up novel opportunities in areas from physics to biology [1] [2] [3] [4] . While optical tweezers make use of freespace beams, recent research has explored the use of integrated optical devices for particle trapping [5] . The strong evanescent fields in such micron-sized structures enable trapping on the sub-wavelength scale. Designs based on plasmonics [6] , dielectric waveguides [7] , and cavities [8] [9] [10] [11] have been proposed and demonstrated for trapping of single particles. In a recent work [12] , we have proposed a method to assemble 2D arrays of particles with particular, designable patterns. This process, which we call light-assisted, templated self assembly, relies on the structured light fields above a photonic-crystal slab to create an array of particle trapping locations. By changing the wavelength or polarization incident on the photonic crystal, the fields, and hence the trapping locations, can be reconfigured. This process can be used either to create tunable photonic filters or to fabricate ordered patterns of nanoparticles. In our previous work, as a proof of concept, we considered a simple, square-lattice design for the photonic crystal. The estimated power for trapping was 1mW/unit cell, limiting the feasibility of the method. However, it is known that in photonic-crystal microcavity structures, the introduction of a slot into the cavity can provide high field confinement, reducing the power required for singleparticle trapping [10, 11] . In this work, we propose a novel 2D photonic crystal that exploits slot confinement to reduce the optical power for trapping of particle arrays by two orders of magnitude.
Below, we present our novel photonic crystal structure, designed for low-power optical trapping of particle arrays. The 2D periodic structure is created by introducing a rectangular slot at the center of each unit cell of the Suzuki-phase lattice [13] . When the incident light wavelength is tuned to excite a guided resonance mode (GRM), the optical field is confined and enhanced within the slot. Meanwhile, the quality (Q) factor is increased by orders of magnitude. Our numerical simulations show that for fixed incident power, the optical force on a particle above the lattice is also enhanced by orders of magnitude, significantly reducing the power required for stable trapping. For an ideal device, stable trapping of 25-nm radius particles requires a power as low as 27 μW per unit cell, around 40 times smaller than for the simple square-lattice structures studied in our previous work [12] . We predict that a particle with dimensions smaller than the slot will be pulled inside and stably trapped. The novel lattice structure and corresponding low power requirements also open up an opportunity for experimental implementation in active structures. Using a 2D photonic crystal surface-emitting laser based on the slot Suzuki-phase design, we expect that self-adaptive trapping of 2D particle arrays may be demonstrated.
Structure design
The Slot-Suzuki-phase photonic crystal lattice we propose is based on the conventional Suzukiphase (SP) lattice shown in Fig. 1(a) . The Suzuki-phase lattice is obtained by starting with a triangular lattice of holes and removing selected holes to generate a rectangular lattice of H1 cavities [13, 14] . The Suzuki-phase lattice has different periodicities in the x and y directions, equal to s x = 2a and s y = √ 3a respectively, where a is the lattice constant of the reference triangular lattice. Figure 1 (b) illustrates the normalized transmission spectrum for vertically incident light, calculated by the three-dimensional (3D) finite-difference time-domain (FDTD) method [15] . We assume a high-refractive index Suzuki-phase lattice with relative dielectric constant ε = 11.9, hole radius r/a = 0.3 and slab thickness t/a = 0.5 resting on an oxide substrate (ε = 2.1), and immersed in a fluid with dielectric constant ε f = 1.7. Due to the periodic modulation of the photonic crystal (PhC) slab, incident light can couple to the GRM's. Guided resonance modes are strongly confined to the slab and appear in the transmission spectrum as Fano line shapes superimposed on a Fabry-Perot background [16] . We focus in particular on Γ-point modes that are not symmetry-forbidden [17, 18] . The Γ-point is the center of the first Brillouin zone where the in-plane wave vector is zero. A band structure for a similar Suzuki-phase lattice is shown in [13, 19] . Figure 1(b) shows the four GRM's we are interested in. We label the four modes by o1, o2, e1, and e2. Figures 1(c) and (d) show the magnetic field component H z and electric field intensity E 2 of the o1 and e2 resonance, respectively, in the z = 0 plane. These two, dipole-like modes are characteristic of the set. Modes were calculated by the 3D FDTD method and normalized to the maximum value in the z = 0 plane. The o1 mode exhibits odd vector symmetry [20] with respect to the x = 0 mirror plane (Hz is even) and couples to a plane wave with electric field polarized along the x direction; the e1 mode exhibits even vector symmetry with respect to the x = 0 mirror plane (Hz is odd) and couples to a plane wave with electric field polarized in the y direction, as has been shown experimentally [19] .
We calculate Q factor for the four modes in Fig. 1 (b) using 3D FDTD calculations. For a real photonic device with finite lateral size, the total Q factor depends on both vertical and lateral losses. However, for large enough structures and laser excitation spots, it is reasonable to consider only the effect of vertical loss on the Q factor [21, 22] . We model the PhC structure as infinitely periodic in the lateral direction by imposing periodic boundary conditions along the x and y directions of the unit cell in the FDTD simulation. The corresponding Q factors of the o1 and e2 modes are 118 and 262, respectively. In order to trap a particle in the near field of the PhC, it is desirable to concentrate the optical power in a small surface area and to have a large Q factor [5] , so as to enhance the trapping force for fixed input power. However, Figs. 1(c) and 1(d) show that the electric field intensity E 2 in the z = 0 plane of both the x-polarized and y-polarized dipole modes is relatively spread out across the unit cell. In order to increase the Q factor and reduce the mode area, we propose a Slot-Suzuki-phase (SSP) hybrid lattice, shown in Fig. 2 (a). Rectangular slots with cross-sectional dimensions of w x × w y are positioned in the middle of each unit cell of the conventional SP lattice. The symbol w x and w y represent the slot length along the x and y axes, respectively. In the slot, the component of electric field normal to the slot boundary is enhanced due to the Maxwell continuity law [23, 24] . If the smaller dimension of the rectangular slot is along the y direction (w y < w x ), the electric field of the y-polarized e1 and e2 modes will be enhanced. To obtain enhancement of the x-polarized o1 and o2 modes, the slot should be designed with w x < w y . In the following discussion, we focus on the case where w y < w x .
In Fig. 2(b) , we plot the transmission spectrum of the SSP lattice at normal incidence for slot dimensions w x /a = 0.9 and w y /a = 0.16. The other structural and material parameters are identical with the above-mentioned SP lattice. We label the four Fano transmission dips as so1, so2, se1, and se2. All four modes exhibit narrower lineshapes than those in the SP lattice ( Fig.  1(b) ). The width of the frequency window is the same for Fig. 1(b) and Fig. 2(b) . Thus, higher Q factors can be obtained which are inversely proportional to the resonance linewidths. We note that the normalized transmission of the se1 and se2 is expected to go to zero on resonance. The finite, non-zero values shown in the figure are a result of practical limits of the simulation time. We will focus our discussion of field localization on the se2 mode. Figures 2(c) and (d) plot Hz and E 2 for the se2 mode in the z = 0 plane of the SSP lattice. The electric field of the se2 mode is well confined around the center of the slot in the XY plane. In fact, the modal volume for the se2 mode in one unit cell is V eff = 2.4 × 10 −2 (λ R /n f ) 3 , where λ R is the resonant wavelength and n f is the refractive index of the fluid. The mode volume per unit cell is comparable to that in PhC microcavities containing slot features [24] , indicating strong confinement of the field by the slot within each unit cell of the SSP lattice. The decay length of the field intensity, for which the value of falls to 1/e of the value at the slot center, are 0.28a in the x-direction, 0.09a in the y-direction, and 0.3a in the z-direction (0.05a above the PhC slab). Adjusting the slot dimensions provides a flexible strategy for tuning the Q factor and resonant wavelength λ R of the GRM's.
Varying the slot width (w y ) can dramatically increase the Q factor of the mode. In Fig. 3(a) , we plot the dependence of Q on w y for fixed w x = 0.9a for the se2 mode. In the limit where the slot vanishes, i.e., the conventional SP lattice with only circular holes, the Q factor for the e2 mode is 262. By adding a narrow slot of w y = 0.08a in the center of each unit cell, the Q factor is increased to 1750. The Q factor is further enhanced by increasing w y and reaches a peak value of around 123,000 at w y = 0.16a. This Q value is comparable to values obtained in square PhC lattices for coupled GRM's [25] . If the slot width w y continues to increase beyond 0.16a, the Q factor decreases.
The slot width also affects the resonant wavelength λ R . The blue line in Fig. 3(a) shows that λ R linearly decreases from 1605 nm for w y = 0.08a to 1510 nm for w y = 0.24a with a slope of approximately -1.2. The graph is plotted assuming a fixed lattice constant a of 515 nm.
Changing the slot length (w x ) also affects the Q factor and resonant wavelength λ R . We fix w y = 0.16a and adjust w x . As indicated by Fig. 3(b) , the Q factor decreases from 123,000 when w x deviates from 0.9a, but remains above 20,000 for w x between 0.8a and 1.15a. The blue line shows that the wavelength λ R remains relatively stable with a shift of less than 6 nm in the same w x range. This relatively low variation can be explained by the mode distribution shown in Fig.  2(d) . The electric field is tightly confined in the slot with a decay length in the x direction of 0.28a, which is less than half of the slot length (w x /2 = 0.45a). Thus, the resonance profile is only lightly influenced by w x decreasing from 1.15a to 0.8a. The choice of w x can be considered as an approach for fine-tuning of the dipole mode Q factor and wavelength. 
Optical forces
When SSP lattices with different slot dimensions are compared, the Q factor changes by orders of magnitude, while the mode profile remains similar. The component H z has a dipole distribution and the electric field intensity is concentrated in the slot. The SSP lattice thus offers the flexibility to design a broad range of Q factors and, therefore, trapping forces. The main objective of this section is to predict the trapping capabilities of the SSP lattice with lattice constant a = 515 nm on a dielectric particle (n poly = 1.60).
The trapping forces exerted on the particle are computed by integrating the Maxwell stress tensor (MST) [26] over a closed surface surrounding the particle. The forces are numerically calculated by 3D FDTD simulations. We take a rectangular solid with a surface several mesh points away from the nearest edge of the particle as the integration surface. Due to the high Q factor of the GRM, it is convenient to perform the force calculation in the time domain rather than the frequency domain. We excite the mode using a dipole source inside the slab, record the instantaneous electromagnetic fields for several optical periods, and use them to calculate the time-dependent force. We then time-average the force and normalize it to the power P coupled to the se2 mode.
We calculate the optical force on a particle of radius varying from 25 nm to 100 nm. The particle is placed right above the center of the slot (at position x = 0, y = 0), with its bottom edge 45 nm above the top surface of the slab. Due to symmetry, the transverse force (F xy ) on the particle vanishes. Figure 4(a) shows the vertical force F z /P above the SSP lattice for slot dimensions w x = 0.9a = 464 nm and w y between 0.08a (41 nm) and 0.24a (124 nm). The force is negative, meaning that it is directed towards the slab. For all radii, the force magnitude increases to a peak value and then decreases with increasing slot width (w y ), following a similar trend as the Q factor. In the optimum case, a slot with w y = 0.16a = 82 nm enhances the force by two orders of magnitude compared to a slot with w y = 0.08a = 41 nm. The optical force increases with particle radius. For a particle of radius 25 nm, the maximum force magnitude reaches 46 pN for 1 mW power per unit cell. For a 100-nm-radius particle, the force increases to 486 pNmW −1 , an order of magnitude enhancement. In Fig. 4(b) we plot the dependence of force on particle radius for a particle which is at (x = 0, y = 0) and has its bottom edge 45nm above the top surface of the slab. The force magnitude increases linearly with particle radius between 25 nm and 100 nm. To investigate the dependence of the force on particle position, we set the slot dimensions to 464 nm × 82 nm (0.9a ×0.16a), for which Q achieves its optimal value of 123,000. We consider a particle of radius 25 nm. The lower edge of the particle is 45 nm above the top surface of the slab (see Fig. 5(a) ). We calculate the vertical force (F z ) and transverse force (F xy ) on the particle for each position in the XY plane. The results are shown in Figs. 5(b) and (c) . The maximum magnitude of F z is approximately 46 pNmW −1 , which is achieved when the particle is above the center (x = 0, y = 0). For all positions in the XY plane, the vertical force is directed towards the slab. The magnitude of the in-plane force F xy is shown by the colormap in Fig. 5(c) , and the force direction is indicated by blue arrows. At the center (x = 0, y = 0), the in-plane force vanishes. The strongest in-plane forces point toward the center. The maximum in-plane force for the particle is 14 pNmW −1 and is weaker than the maximum vertical force of 46 pNmW −1 . The ability to stably trap particles is thus limited by the in-plane values. Given the spatial map of the in-plane forces F xy in Fig. 5(c) , we can calculate a potential map in the XY plane. We calculate the potential depth ΔU by integrating the in-plane force from a reference position to each point in the XY plane. Here, the reference position is taken to be (-s x /2, s y /2). The choice of the reference position does not affect the relative potential depth. The potential map is shown in Fig. 5(d) . The depth of the trapping potential is larger than 377 K B T for an incident power of 1 mW per unit cell, where K B T is the thermal energy at temperature 300 K. A figure of merit in the context of optical trapping is the stability factor S = ΔU/K B T , which reaches 377 mW −1 per unit cell in our device. In order to achieve a stability factor equal to 10, generally considered sufficient to achieve stable trapping despite the presence of Brownian motion [27] , the power needed in the SSP lattice is 27 μW per unit cell. The power required to realize stable trapping in the SSP lattice is reduced by about 40 times compared to the power requirement in the square lattice proposed in our previous work [12] . At the equilibrium point, the trap stiffness is defined as -∂ F xy /∂ x along the x axis and -∂ F xy /∂ y along the y axis. From Fig. 5(c) , we estimate trap stiffnesses of 0.12 and 0.28 pNnm −1 mW −1 for the 25 nm particle along the x and y axes, respectively, corresponding to a radial trap stiffness of 0.08 pNnm −1 mW −1 in the XY plane. Greater trap stiffness results in lower uncertainty in the trapping position. The stability factor and the radial trap stiffness we obtained exceed the values reported for dielectric trapping structures in previous works [5] .
For particle diameters less than the slot width w y , particles can be trapped inside the slot. The particle is physically confined by the slot in the y direction. We calculate the force as a function of position in the XZ plane for y = 0. Results are shown in Fig. 6(a) . The force F y , which is normal to the XZ plane, vanishes due to symmetry, and thus, we only plot the in-plane force F xz . The forces point to the center of the slot at (x = 0, z = 0) and have a maximum magnitude of 153 pNmW −1 . The corresponding potential map shown in Fig. 6(b) indicates that a strong trapping potential depth of more than 3500 K B T per milliwatt per unit cell is achieved within the slot. For a particle within the slot, a power as low as 3 μW per unit cell is required for stable optical trapping. The radial trapping stiffness in the XZ plane is -0.34 pNnm −1 mW −1 . Within the slot, the stability and trapping stiffness are higher than outside the slot and comparable to reported values for particle trapping in other slot structures [10, 11] .
The presence of a particle in the slot can affect the resonance wavelength. In a real experiment, the particles are likely to be trapped one by one, with the number increasing gradually over time. In this case, any given particle will create a negligible perturbation on the mode. As larger numbers of particles are trapped, a gradual shift of the resonance wavelength will take place, requiring a slow adjustment of the excitation laser. From perturbation theory [20] , the wavelength shift scales linearly with particle density. For a density of one particle per unit cell, we estimate via FDTD simulations that the wavelength red shifts by 0.7 nm. 
Conclusion
We have proposed a new PhC lattice for optical trapping of two-dimensional arrays of nanoparticles. Our structure is created by using the 2D Suzuki-phase PhC lattice as a base and introducing a slot into each unit cell to localize the electromagnetic field. Optimizing the slot dimensions increases the Q factor of the resonance by orders of magnitude. Optical power values as low as 27 μW per unit cell are predicted for trapping of 25 nm radius beads, a reduction of power by about 40 times relative to our previous work. Once the particle is on the slot, optical power of 3 μW per unit cell is required for the stable optical trapping. Our Slot-SuzukiPhase lattice is a promising candidate for carrying out light-assisted templated self assembly processes.
The low power requirements for trapping suggest to use of active materials for this purpose. Slot photonic crystal microcavity lasers have been demonstrated with output optical power as high as 150 μW, and some evidence suggests possible optical trapping effects in such structures [28, 29] . The Slot-Suzuki-phase structure we propose here provides a way of effectively combining multiple slot PhC microcavities into a high-Q structure with extended area. Further improvement of the design can be achieved by band engineering techniques, as well as by combining the photonic crystal with a bottom Bragg reflector [30, 31] . In such a device, we expect that the laser may self-adapt, adjusting its own lasing wavelength in response to the resonance shift induced by trapped particles.
